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I 
 

Abstract 

In this work, plasma emission spectra of the holmium target using 

Q-switched Nd:YAG laser (1064 nm) has been studied in the range of ( 

200-400) nm region. Different laser pulse energies (600, 650, 700, 750 

and 800) mJ with different repetition rate (1Hz, 5Hz, 10Hz and 20Hz) 

are used.  

The influences of the laser pulse energy and pulse repetition 

rate on the emission lines intensity of the laser induced plasma 

spectrum by spectroscopic technique in air has been investigated. The 

best emission spectra appeared when the laser pulse energy is 800 mJ 

and 20 Hz repetition rate at λ= 341.54 nm, 342.76 nm, and 345.53 nm 

respectively with the maximum intensity of 80000 counts.  

Holmium emission line intensities were studies for each 

individual emission for each line   from λ = 342 nm to 349 nm 

with laser energy 650 mJ and 5Hz repetition rate. The maximum 

emission intensity line was 65535 counts appeared at 345 = ג nm. 

Also, the energy of each individual emission line from   342 = ג 

nm to 349 = ג nm was investigated in this work for the same laser 

energy 650 mJ and repetition rate of 5Hz. The maximum energy 

of line emission was 153 μJ at 345 = ג nm.  

Cowan code was used to calculate the emission spectra 

probabilities for different transition of the holmium target. 

 The results indicate that, the emission line intensities increase 

with increasing of the laser pulse energy and repetition rate. 
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1.1 Introduction: 

          The plasma was defined as ionized gas. It’s called fourth state for the 

matter because when heated the solid, the thermal movement of the atoms 

destroys the structure lattice of the crystalline, and formed liquid [1]. When 

sufficiently heated liquid to evaporate atoms from the surface faster than they 

recondense, gas is formed. Atoms collide with each other when gas was 

heated, and expel their electrons, then plasma was formed [2].  

           Plasma status is available more than the other states, that 99% of the 

universe in the case of plasma. Plasma is composed of positive charged ions, 

negative charged electrons, and neutrals atoms [3, 4]. The basic parameters to 

recognize the plasma are the electron number density (ne), its temperature (Te) 

and steady state magnetic field (B) [5]. Plasma is quasi-neutral which means 

the electron number density (ne) and ion density (ni) with charge state (Z) are 

balanced locally [6]. 

 

           The Debye shielding is an essential feature of a plasma which gives an 

example about collective behavior. It means that particles in plasma will be 

governed by the electromagnetic forces instead of collisions occurs in normal 

gas [7]. When charged particle is immersed inside the plasma, the potential 

around is shielded outside by either the ions or the electrons [8].  

          The Debye length (λD) is determined by the distance traveled [9], by 

charged particle in ½   of plasma, and can be represented in this equation: 

 λD= 
       

    
  (1.2)  

ne = niZ                         (1.1) 
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          Where (   was the constant of permittivity, ( KB) was the constant of 

Boltzmann, (Te ) was the temperature of electron, ( ne) was the plasma density, 

and (e) was the electron charge [7].  

                The concept of Debye length to be valid, it must have a number of 

charged particles (ND) inside the Debye sphere. The number of particles in the 

Debye sphere can be described by [8]:                   

                             
       

 

 
                                     (1.3)  

            Plasma frequency (    is afundamental parameter of plasma 

oscillation, and it’s referring to the plasma frequency of electron (   
) due to 

the mass of ion is much larger and their oscillation is slower than the 

oscillation of electron . It is given by [9]:      

   
  

   
 

    
              (1.4) 

          Where (me) was the electron mass, and (   was the permittivty in 

vacuum (8.854 × 10
-12

 F/m). 

          The wave of electromagnetic radiation (with frequency ω) propagates 

through the plasma depends on the density of electron. It is related to the 

dispersion relation which is given by: 

                               2
 =    

  + c
2
 k

2
                        (1.5)  

 

          Where        is the frequency of the plasma, (k=2π/ ) is the 

propagation direction, and (c) is the light speed [10]. 
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When   >  p, the electromagnetic wave is absorbed in plasma so (k) is 

real. For   <  p, k is imaginary and the wave doesn't propagate through the 

plasma, and also if   =  p, the reflection takes place, hence it is referred to the 

critical density where the density of plasma becomes so high and can be given 

by:             

                      nc =    me  
2
 /e

2
                              (1.6) 

 

Where (me) was electron mass, and (e) was electron charge [11].  

 

           When propagate highly intense of laser pulse in gas, it will ionize the 

atoms partially or completely. Ionization leads to a continuous change in the 

density of electron throughout duration of laser pulse [12]. 

1.2 Ponderomotive force 

          The poneromotive force was averaged time force of particle charge 

oscillating in an electromagnetic (EM) field, was inhomogeneous spatially 

[13,14] .The ponderomotive force is given by: 

 

FPond= 
  

                      (1.7) 

         Where (m) was the particle mass, (e) was electron charge, (    was the 

permittivity in vacuum, and (ω) was the electromagnetic field frequency, and 

I(x) was the field intensity dependent-position. 

The force of ponderomotive was formed as intensity gradient, 

and it’s directed toward low intensity area of the field [15,16]. The 

self-focusing was strongly dependent on the pulse width of the laser 

beam, and properties of the medium.  
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When an intense laser beam propagates through the plasma, this 

will lead to self-focusing[16]. This phenomenon is responsible among 

different processes nonlinear like ponderomotive, collisional, and 

relativistic nonlinearity. For intense and shorter laser pulses, these 

nonlinearities are dominant [17]. 

          The relativistic nonlinearity is due to the mass of electron, and it is 

changed as the electron speed reached the light speed. In ponderomotive 

nonlinearity, the change on refractive index was arises because of the density 

variation induced by the force of ponderomotive [18]. For intense short laser 

pulse. The change on refractive index of plasma increases, and then decreases 

as laser pulse terminates. [19,20]. 

 

1.3 Laser Induced Plasma (LIP)   

           Laser induced plasma (LIP) was produced plasma by the laser 

interaction with mater when irradiance laser greater than a certain threshold 

[21].  Laser intensity (I) is proportional with the electric field as (E
2
). The 

intense laser pulse produces electric fields which can remove electron from 

the solid target material by ionization and heating by collisions [22].Therefore, 

the intensity of the laser beam can be represented by [23]: 

 

               
 

 
    

                    (1.8)           

         Where (I) was power density in (W/m
2
), (c) was light speed (3 × 10

8
 

m/s), (E) was the strength of electric field (V/m) [24]. 
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When the laser triggers the pulse, plasma will experience some 

conditions as a function of number density and temperature of species. In 

these conditions plasma is composed of ions, electrons, and neutral atoms 

[21].When an intense laser pulse focused on the solid target material, three 

processes are taken place.  

         First, the material ablation begins during the laser material interaction 

which causes heating and evaporation as laser pulse energy exceeds than the 

energy of ablation threshold for the solid target material [25,26]. In the initial 

stage of interaction, plasma began to be formed, as electrons escape from the 

solid surface by photoionization. 

         These electrons absorb laser radiation by inverse bremsstrahlung  (IB) , 

So electrons are heated up and collide with the surface of the target, and more 

ionization will occur [27,28].  

The process continues until the density of electrons becomes so high 

and reaches the critical density, and then the plasma frequency will be equal to 

the laser frequency. At this point, laser light can no longer reach the target, 

and reflected from the critical layer density. Subsequently, the plasma 

expands, and then the plasma density drops, and so the laser pulse once again 

can passes through plasma [28, 29]. The process is repeated again, when 

electrons are heated up by IB, and the density of plasma again increases to 

reach to the critical value. Figure (1.1) shows the interaction of intense laser 

pulse with a solid [29,22].  
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Figure (1.1): Schematic illustration of laser-induced plasma [30]. 

1.4 Atomic Emission Processes in Laser Produced Plasmas 

          There are three major mechanisms for the radiation emission in a 

partially ionized plasma, where the ions have not been stripped of all their 

electrons [27] . These mechanisms are: 

1- bound-bound transition.  

2- free-bound transition.  

3- free-free transition. 

1.4.1-Bound - Bound Transitions 

        This transition ( between bond atomic states) can be observed in photo 

absorption (resonant absorption), and spontaneous decay. Photo absorption 

result by excited atoms from the ground energy levels to the higher energy 

level, and it is given by [29]:  
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e (E1 ) +hѵ           e (E2 )                           (1.9) 

 

Where E2 > E1 and hv = E1 - E2. 

          Inverse process (spontaneous decay) results by De- excited atom from 

higher energy levels to the ground energy levels, and can be represented by: 

 

A
*
 (E2)           A (E1) + hv                            (1.10) 

         where A(E1) was the ground atomic state, A
*(E2) was the higher atomic 

states,( E1) was the electronic energy in the ground state , and (E2 ) was the 

electronic energy in the higher state [31]. Figure (1.2) shows spontaneous 

decay and the inverse process, namely resonant absorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.2): Resonant absorption and spontaneous emission [29]. 
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1.4.2- Bound -Free Transitions 

 

This process can be achieved when an ion captures free  electron, the 

electron will emit its excess energy as a photon in recombination process ,and 

gives excess energy in the form of a photon [27,28]. The energy lost by the 

free electron in this process is represented as [29]: 

 

                                e1 + X
q
      X

q-1
+hv        (1.11) 

         Where ( e1 ) was free electron, ( X
q-1

, X
q
 ) were charged successive ionic 

states, and (ν) was the frequency. Another process is photoionization , that 

take place when the energy of photon exceeds the ionization potential of the 

atom. The kinetic energy of the electron can be represented by [32]. 

 

  
 

 
   

 
             (1.12) 

           

           Where ( me ) was the electron mass, ( IP ) was ion or atom ionization 

potential, and (hv ) was the photon energy. 

 

          The Photoionization process of photon absorption and break bound of 

electron, is given by: 

 

                                   hv +X
q
        X

q+1 
+e

-
 (E)      (1.13)  

The Recombination and photoionization are shows schematically in Figure 

(1.3). 
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Figure (1.3): Photoionization and recombination processes [29]. 

           Figure (1.4) shows afree electron captured by ion. It can break 

the bound electron in electron impact ionization process, and when ion 

counter two free electrons, one electron can be absorbed by the ion, 

and the others excess energy of electron gains in three body 

recombination process, was described by  [23,28]:  

 

 

          Where (E1, E2) are the first and second state of electron kinetic energy, 

and (E'1) was the first state of electron kinetic energy by collision. 
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1.4.3- Free - Free Transitions 

           When a free electron was slowing down under the effect of an ion, the 

electron lost the kinetic energy excess, and emitted photon in a bremsstrahlung 

process. Which can shows in this 

equation [33]:  

               

 

Where E1 >E2 

 

(1.15) 
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          The inverse process is possible. If a photon is absorbed by a free 

electron in the presence of ion resulting an increase in its energy in process 

inverse bremsstrahlung called,and can be described as [28]. 

 

 

 

Where, (X
q
 ) was the neutral atom or ion, ( E1 ) and (E2 ) was the energy 

of free electron after and before the interaction (inverse bremsstrahlung , 

bremsstrahlung).Figure (1.5) illustrates bremsstrahlung and inverse 

bremsstrahlung processes.  

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(1.16) 

 (1.16) 
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1.5 Plasma Equilibrium 

The most common equilibrium models used to describe plasmas are [34]: 

1- Local Thermal Equilibrium (LET). 

2- Coronal Equilibrium (CE). 

3- The Collisional Radiative Equilibrium (CRE). 

Figure (1.6) gives an idea about the range of validity of each model for a range 

of plasma densities and temperatures. 

1.5.1- Local Thermodynamic Equilibrium (LTE) 

            In local thermodynamic equilibrium (LTE), the distribution of 

electrons densities are determined exclusively by particle collision processes 

(in optically thin plasmas), [35] which is dominate over radiative processes. 

The electron density must be high enough for the collision frequency to be 

high [36]. Local thermal equilibrium (LTE) is different from complete 

thermodynamic equilibrium in that the temperature need not be the same 

everywhere. The conditions that are required to achieve LTE are [37,38]: 

1- The velocity distributions of ion and electron should follow a Maxwell-   

    Boltzmann distribution. 

2 – The dimensions of the plasma should be much smaller than the mean    

      free path of the emitted photons but larger than the collision length of  

      the electrons and ions. 

3- The electron density should be high enough so that the ratio between 

     collisional de-excitation and radiative decay should be larger than 10:1  

     for all transitions. 

1.5.2- Coronal Equilibrium (CE) 

The coronal equilibrium plasma, is described by high temperatures in 

the order of  10
6
 K , and low electron densities ( in the order of 10

8
c

3
) [35,39]. 

In (CE) plasma, with low electron density, and high temperatures optically 

thin .The atomic transitions that exciting transitions are collisional  
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between electrons and ions , and all de-exciting transitions are radiative occur 

by spontaneous emission [36]. 

1.5.3- Collisional Radiative Equilibrium (CRE) 

           This equilibrium describe intermediate regime of density (10
19

-

10
21

 cm
-3

) .It lies between (LTE) plasma, and (CE) plasma [40]. It 

involves process of transition between excited level states which is 

caused by the electron collision. The plasma is assumed to be optically 

thin [41]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Fig.(1.6): The idea about the validity of each model for a temperatures and plasma   

densities [42].   
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1.6 Reactions in Plasmas 

 

          Excited atoms and ions produced different types of reactions in the 

plasma (Collision, Excitation Ionization, and Recombination)[43].Electrons in 

the plasma acquiring energy from the electric field, and collide with molecules 

of the gas [44].  

           The collisions of electrons caused ionization and excitation of the gas 

[45]. Recombination occurs when an electron is absorbed by ion, and the 

excess energy is emitted as a photons [46].The plasma produced by laser have 

high expansion velocities , high electron temperature (Te), high electron 

density (ne), and relatively high degree of ionization [47,48]. 

Plasma Expansion.7 1 

          The plumes of the plasma expansion start in the air and cool when the 

laser pulse terminates [49]. At the beginning of the plasma expand, the 

velocity of the electrons is greater than the velocity of ions [50], due to the 

relative mass difference[51]. At the plume front the electrons travel, and start 

to accelerate, leaves the ions behind far away from the bulk of the plasma. 

This causes a strong electrical potential to be created between the two species 

fronts. Figure (1.7) represented plasma plumes expansion. 
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Fig (1.7): Schematic diagram of laser produced plasma expanding [50]. 

 

 

 

1.8 Plasma Lifetime 

 

The plasma life time, as shown in fig (1.8) are divided into three 

stages: 

1- Plasma ignition process and this process includes breaking the 

bond throughout the laser pulse, depending on the type of laser, 

radiation and pulse duration. [52].  

2- The next stage the plasma is expand and cooling [53]. 

3-  In the last stage of the life of the plasma the mass ablated are 

not excited as plasma or vapor , not emitted radiation . Ablated 

atoms becomes cold, and nanoparticles created by 

recombination process [54]. 
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1.9 Fundamentals of Plasma Physics and Spectra 

         The plasma produced by intense laser pulse emitted light can give 

information about qualitative and quantitative analysis of the sample. Plasma 

emissions provided spectral signatures of many different type of materials in 

solid, liquid, or gas state [55]. 

          Laser-matter interaction is governed by quantum mechanics laws that 

describe how photon is absorbed or emitted by atom [56].  

If applied high energy to the atom  greater  than the  ionization 

potential, electron  expel  from atom  producing a free electron and positive 

ion [57].  Initially, the electron release  from  the atom is most external one 

(the furthest with  respect to  the nucleus ), because it  has the lowest 

ionization  potential,  but  with  higher  energy applied there is a possibility to  
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escape more electrons ,  reaching to the second and the third ionization ,and so 

on  [56].  The plasma emitted light consists of discrete line, band, and an 

continuum overlying [58]. 

          The continuum emission of plasma is emitted as a result of free-

free and free-bound transitions. The recombination process occurs 

when ion captures a free electron in a process called free-bound 

transition, or in the de-excitation process, the ions and the electrons 

lose energy due to kinetic process in a process called free-free 

transition [59]. 

          Discrete lines are rise when the transitions accrue between atomic 

bound states. These lines appeared in both emission and absorption  spectra,   

it is very important to characterized the material, three major features have 

such as shape, intensity and wavelength. This parameter depending on both 

the environment and structure of atom. Each type of atom has  different 

energy level which determined the wavelength of the lines [58, 60]. 

Continuum radiation is very important to determine the parameters of   

plasma, such as density, pressure, temperature of electron, which are used     

to characterize the plasma [61, 57]. The whole process can be shown in  

Figure (1-9). 
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. 

 
 

 

1.10 Plasma Emission Spectra 

          Plasma emission line from atomic bond state may be hidden by 

continuum radiation that was causes by two processes. The initially was 

recombination process [63]. In this event, the electrons pass from the free 

State into the upper level bound of the ions, and fell down to the ionic ground 

state [64]. Second process ( Bremsstrahlung process) is referred to the 

transitions free-free corresponding to the losses of kinetic energy by the 

electrons in the field of the ion.  

         When the electrons in the field of the ions their energy lost by 

deceleration process, then emit photon at different wavelength [65]. The 

continuum emission is strongly depends on both density and temperature of 

the plasma. [66].  
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1-11 Literature Review: 

 

         This review briefly describe, and shows some of previous results and 

researches of emission spectra of the plasma produce by laser interaction with 

solid target. 

 

          S. S. Harilal, et. al., in (1997), reported the spectra of C2 plasma 

emission using laser Nd:YAG. The result investigated C2 emission spectra 

intensity with the distance from the sample [67]. 

          

 In (2000), Y. L. Chen, et. al., studied laser-induced breakdown and 

energy deposition in air, using Nd :YAG (1064 nm). The results of this work 

were compared with the predictions of the laser irradiance in the focal region. 

[68]. 

 

           In (2001), B. Le Drogoff, et. al., characterized the plasma emission of 

Al, Mg by focusing a ultrashort laser pulses on them. The results of this work 

shows faster decay of continuum and line emission, shorter plasma lifetime 

than in case longer of laser pulse   [69]. 

 

          Rai, et. al., (2003), studied a plasma emission line intensity using 

doubled pulse Nd-YAG laser by atomic spectroscopic technique [70].  

 

          In (2005), S. S. Harilal, et. al., examined the plasma emission produced 

from tin target by focusing Q-switched Nd-YAG laser. The spectral data 

obtained from this work was plasma electron density [71]. 
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N. M. Shaikh, et. al., (2007), discussed the spatial evolution of 

aluminum emission for plasma production, from three Q-switched Nd:YAG 

laser wavelengths (1064, 532, and 355) nm. The emission intensity of the 

spectral lines was stronger in the UV laser has been showed because of the 

higher ablation as compared to the visible and IR lasers [72]. 

 

        In (2008). A. Elhassan, et. al., showed the influence of different laser 

pulse duration (nanosecond, and femtosecond), for emission spectra intensity 

from plasma induced at different elements (Pb, Zn, and Sn).  It has been 

observed that the intensity of emission lines increases when a femtosecond 

laser pulses rather than nanosecond laser pulse [73]. 

 

         In (2011) R. W. Coons, et. al., investigated Li plasma emission 

properties using Q-switched Nd:YAG laser. The results indicate that  the 

intensity of plasma emission line depend on the laser source  distance from the 

target [74]. 

 

  M. Hanif, et. al., in (2013), examined titanium plasma emission 

properties using different wavelength of Nd:YAG laser ( 1064,and 532) nm,  

with different laser energies  [75]. 

 

          In (2014), a study for the influence of laser pulse energies for plasma 

emission line intensity of Zn target in air at atmospheric pressure was done by 

H. Hegazy, et. al., their results were performed experiments at different laser 

energies and different delay times, which also allow us to study the 

dependence of the plasma evolution on the laser wavelength [76]. 
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M. Hanif, and M. Salik, in (2015), characterized the properties of 

plasma emission at zirconium sample, were different wavelength of Nd-YAG 

laser and different energies are used. The researchers observed that 

temperature and number density increases as laser irradiance is increased. The 

temperature is also calculated by varying distance from the target surface 

along the line of propagation of plasma plume [77]. 

 

In (2017) Jiajia Hou, et. al., studied plasma parameters properties such 

as plasma temperature and electron density, by focusing Q-switched Nd:YAG 

laser  at aluminum target, and the relationship between optically thin condition 

and plasma characteristics [78].  

 

         F. Torretti, et. al., in (2018), discussed the spectroscopic measuremens 

in the extreme ultraviolet (EUV) regime (7–17 nm) of molten tin illuminated 

by a high-intensity 3-J, 60-ns Nd:YAG laser pulse.The results resolve some 

long-standing spectroscopic issues and provide reliable charge state 

identification for Sn laser-produced plasma, [79]. 

 

Characterization the effect of laser pulse energy on Al and Cu      

plasma in air was done by Qusay Adnan Abbas in (2019), using (1064nm) 

Nd:YAG laser with 6ns pulse width. It has been illustrated that the    

increasing of pulse laser energy causes to increase plasma emission line 

intensity [80]. 
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1.12 Aim of The work 

 

In this work, the aim is to study the properties of holmium emission 

spectra (experimentally and theoretically) for plasma produced by focused 

intense laser pulse at holmium target in order to get the emission spectra in the 

(200-400) nm region. Also the effect of laser parameters (laser pulse energy, 

and laser repetition rate) on the plasma emission spectra was investigated . 
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2.1 Introduction: 

  

This chapter deals with the experimental set-up, and the technique 

which has been used during this work. Also deals with the theoretical code 

includes Cowan simulation code, which calculates the atomic structure of    

the holmium target. 

 

2-2 The Experimental Set-up: 

 

         The experimental setup that has been used for obtaining the 

emission spectra of the plasma in the (200-400) nm region can be 

shown in figure ((2.1, a), (2.1, b)). 

 

 

 

 

 

 

 

           

 

 

           

 

 

 

 

 

 

Figure (2.1 a): Schematic diagram of the experimental setup for laser induced  

plasma. 
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Figure (2.1b): The experimental setup 

The experiment setup of this work is consisting of Nd:YAG laser, 

which is used to generate the plasma. This Q-switched Nd:YAG laser, 

generates a laser pulse width of (10 ns) with repetition rate of (1-20) Hz.     

The maximum energy of this laser pulse is 900mJ. This pulse is focused    

onto the surface of the target by a Bi-convex lens with 100 mm focal      

length. The distance from the target to the lens is about 100 mm. This lens             

is uses to get a spherical plasma plume and a reproducible breakdown. The 

plasma was formed in air at atmospheric pressure on 1.75mm2 surface area            

of the solid target. The purity of the holmium rod was 99.9%. The emission 

was collected by the optical fiber which was set at an angle of about 45   

degree from the target and diverted into a spectrometer which is connected to 

the laptop. To measure the intensity of each emission line at each wavelength, 

the following setup (as shown in figure (2.2)) was used.     
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Figure (2.2): The experimental setup used to measure the 

 intensity of each emission line 

In this setup, the monochromator was set to different wavelength at 

each time, and shooting the focused Q-switched Nd:YAG laser pulse at 

holmium target  in order to get the emission spectra . 

To measure the energy of each emission line at each wavelength  

special energy meter device was used for this purpose. This setup is shown                 

in figure (2.3). 

 

 

 

 

 

 



Chapter Two                                         Experimental Details 26 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.3): The experimental setup to measure the energy of each emission line 

 

2.2.1 Nd:YAG Laser Source at 1064 nm 

 

          In this work, a pulsed Q-switched Nd:YAG laser, ( model LF117, 

manufactured by SOL instruments with cooling system and power supply) 

was used as shown in Fig. (2.2, (a ,b, c)), and specifications of the laser source 

were listed in  table (2.1) . 

 

 

 

 

 

 

 

 

http://solinstruments.com/lasers/lpss-nd-yag/lf117/description
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Figure (2.4): (a) Pulsed Nd: YAG laser LF117    

(b) laser power supply, (c) cooling system. 

Table (2.1): Specifications of the laser source. 

Specifications 

Active medium Nd:YAG 

Wavelength 1064nm 

Max.-Pulse energy 900mJ 

Pulse width 10 ns 

Pulse Repetition Rat 1- 20Hz 

Beam  Divergence <0.7mrad 

Beam diameter  7.5 mm 

Operating Mode Pulse 

 

http://solinstruments.com/lasers/lpss-nd-yag/lf117/description


Chapter Two                                         Experimental Details 28 
 

 

2.2.2 Convex lens 

 

          A Bi-convex spherical lens (type LB1187-C-ML) manufactured by Thor 

Labs was used in this work. as shown in Fig. (2.5). 

 

 

 

 

 

 

 

 

Figure (2.5): Convex Lens 

 

2.2.3 Spectrometer 

          A spectrometer model BLUE-Wave LSR-uv2-14( manufactured by 

StellarNet  Inc )  are a fiber optically coupled instruments with selection of  

measurements in the wavelength range 200-400 nm, (as shown in figure 

(2.6)).The specifications of the spectrometer are listed in  table (2.2). 
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Figure (2.6): Spectrometer 

Table (2.2): Specifications of spectrometer. 

Specifications 

Model BLUE-Wave LSR-uv2-14 

Detector Type CCD, 2k/3k pixels 

Detector range 200-400 nm 

Pixel size 14 x 200 µ m or 7 x 200 µ m 

Weight 14 ounces 

Operating systems 
Windows and Linux2, 

Andriod2, iOS2 

 

2.2.4  Monochromator  

          The monochromotor series of UV-VIS-NIR monochromators 

(model: MC1-01) is also used in this setup. This devise is manually 

operated that utilizes a dial for wavelength selection, and a four digit 

counter for wavelength readout, as shown in Figure (2.7), and 

specifications of monochromator are listed in  table (2.3). 
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Figure (2.7): Monochromator. 

Table (2.3): Specifications of monochromator. 

 

 

 

 

 

 

 

2.2.5 Energy Meter  

Energy meter (model QE12LP-S-MB-INT-DO manufactured by gentec-

eo) was  used to measuring the energy of plasma emission line, as shown in 

Figure (2.8). 

Specifications 

Effective aperture 3.9 

focal length 74mm 

Grating 2 cm square 

Slit 300µ  mm 

Operating temperature -20
o 
C to +80

o 
C 

Wavelength accuracy      
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Figure (2.8): Energy meter 

2.3 Holmium Rod 

          The material has been used in this work was a pure holmium rod, as 

shown in figure (2.9). 

 

 

 

 

 

 

 

Figure (2.9): Holmium Rod 
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The atomic number of Holmium (Ho) was 67. It is eleventh rare 

Earth element, and called lanthanides, that has only one stable isotope 

(
165

Ho) [ 81]. The properties of this holmium rod listed in table (2.4). 

 

 

Table (2.4): The properties of the Holmium rod used in experimental 

work. 

Specifications 

Symbol Ho 

Atomic Number 67 

Chemical Properties 99.9% (REO basis) 

Element Category Rare Earth Metal 

Phase at STP Solid 

Atomic Mass [amu] 164.9303 

Density at STP [g/cm3] 8.795 

Electron Configuration 4f11 6s2 

Possible Oxidation States +3 

1st Ionization Energy [eV] 6.0216 

Year of Discovery 1879 
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2.4 The Cowan Code: 

 

The Cowan code is the most widely available numerical computer code 

for calculating atomic structure. This FORTRAN code was comprised by 

Robert D. Cowan in 1968 [82]. The Cowan code calculates the wavelength,  , 

and weighted oscillator strength, gf (a dimensionless quantity to express the 

strength of the transition), for a transition between two states. The theoretical 

transitions are then convolved with a broadening function or an instrument 

function to match experimental results [83]. 
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3.1Introduction 

          This chapter includes the results of the experimental and theoretical 

measurements of plasma emission characteristics which can be classified into 

two parts: 

1- Optical emission spectroscopy (OES) technique. It studies the 

influences of the laser energy and pulse repetition rate on the emission 

lines of the laser induced plasma spectrum in air. 

 In this technique, a focused Q-switched Nd:YAG laser pulse  on the 

surface of the holmium target is used to measure  the emission spectra in the 

range of  (200-400) nm. 

2-  Using Cowan code to get the emission spectra for different transitions 

of the holmium target.  

          The laser intensities used in this work with different laser energy, are 

listed in table (3.1). 

Table (3.1): listed the laser intensities with different laser energy 

 

 

 

   

 

 

 

 

Plus laser energy (mJ ) laser intensities (W.cm
-2

) 

600 6.18     

650 6 . 6 9     

700 7.21     

750 7.72     

800 8.24     
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3.2 Results 

          Different laser parameter had been used in this work. Different laser 

pulse energies of (600 mJ, 650 mJ, 700 mJ, 750 mJ, and 800 mJ) are focused 

each  time with different repetition rate ( 1Hz, 5Hz, 10Hz, and 20Hz). 

          Four groups of laser parameters were used to get the result of the 

emission spectra of holmium at wavelength (200-400) nm.  

 

3.2.1 Holmium Emission at 1Hz Repetition Rate        

The first group of laser parameters that used different laser pulse  energy of       

( 600,650,700,750 and 800) mJ at fixed repetition rate (1Hz).    

The maximum intensity of holmium line emission was at) 345.75 = ג nm) 

when the laser pulse energy is (600 mJ ) with a maximum intensity of (40000 ), 

as shown in figure (3.1). 

 

 

 

 

 

 

 

           

Figure (3.1): Emission spectra of 600 mJ laser energy at (1Hz) repetition rate 
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Figure (3.2) shows the emission spectra result when the laser pulse 

energy is (650 mJ). The result obtained from these parameter shows many 

emission line spectra of holmium , and the  strongest  one is (345.75 nm ) with a 

maximum intensity  of (59000). 

 

 

 

 

 

 

          

 

 

 

 

 

Figure (3.2): Emission spectra of 650 mJ laser energy at (1Hz) repetition rate 

 

When the laser energy was increased to (700 mJ), the intensity of the 

emission line is also increased, and the maximum intensity of emission spectra 

was (65535 at 341.43 = ג nm), as shown in the figure (3.3). 

 

 

 

 



Chapter three                                      Experimental Details                                              37 
 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.3): Emission spectra of 700 mJ laser energy at (1Hz) repetition rate 

 

If the laser pulse energy is increased to (750 mJ), the intensity of the 

emission line is also increased, and the maximum intensity of emission spectra 

was (70000 at 341.54 = ג nm), as shown in the figure (3.4) 

         The results of figure (3.5) indicate that, when the laser pulse energy is 

increased to (800 mJ), the maximum intensity of the emission spectra was 

(80000 at 341.54 = ג nm ) . 
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Figure (3.4): Emission spectra of 750 mJ laser energy at (1Hz) repetition rate 

 

 

  

 

 

 

 

 

 

 

     

Figure (3.5): Emission spectra of 800 mJ laser energy at (1Hz) repetition rate 
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Figure (3.6) represents all the results for different laser pulse energies 

used in this work. The maximum holmium line emission intensity was 80000 at 

341.54 nm , when used laser pulse energy 800 mJ . 

 

3.2.2 Holmium Emission at 5Hz Repetition Rate 

          The second group with different laser energies of ( 600,650,700,750 and 

800) mJ at fixed  repetition rate 5hz ,had been used to get the result of the 

emission spectra of holmium at wavelength (200-400) nm  . 

         

The maximum intensity of holmium line emission at ( 345.75 = ג nm), 

when the laser pulse energy is (600 mJ ) was (58000 ) , as shown in figure (3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.7): Emission spectra of 600 mJ laser energy at (5Hz) repetition rate 
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Figure (3.8) shows the emission spectra result when the laser pulse 

energy is 650 mJ. The result obtained from these parameter shows many line 

emission spectra of holmium , and the  strongest  one is (345.75 nm ) with a 

maximum intensity of (62535). 

 

 

 

 

 

 

 

 

         

Figure (3.8): Emission spectra of 650 mJ laser energy at (5Hz) repetition rate 

When the laser energy was increased to 700 mJ, the intensity of the 

emission line is also increased, and the maximum intensity of emission spectra 

was 70000 at 345.75 nm, as shown in the figure (3.9). 
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Figure (3.9): Emission spectra of 700 mJ laser energy at (5Hz) repetition rate 

        

When the laser pulse energy is (750 mJ), the maximum emission spectra 

intensity was appeared at (341.54 nm, 342.76 nm and 345.53 nm) respectively, 

and the maximum line emission intensity was (75000) , as shown in figure 

(3.10). 
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Figure (3.10): Emission spectra of 750 mJ  laser energy at (5Hz )repetition rate 

The results of figure (3.11) indicate that, when the laser pulse energy is 

increased to (800 mJ), the maximum intensity of emission spectra was 80000 at 

345.75 nm  . 

 

 

         

 

 

 

 

 

 

Figure (3.11): Emission spectra of 800 mJ laser energy at ( 5Hz )repetition rate 
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Figure (3.12) indicate that the maximum intensity of holmium line 

emission appeared at (345.75 nm), when the laser energies are (600 mJ, 650 

mJ, 700 mJ,  and 800 mJ) respectively . The maximum intensity was (80000). 

 

3.2.3 Holmium Emission at 10Hz Repetition Rate  

          The third group of different laser energies of (600,650,700,750 and   

800 ) mJ at 10 Hz repetition rate had been used. 

When the laser pulse energy was (600 mJ) , the  maximum intensity of 

holmium line emission was 40000 at (λ = 345.75 nm), as shown in figure (3.13) 

.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.13): Emission spectra of 600 mJ laser energy at (10Hz) repetition rate 

 

 

 

 

 



Chapter three                                      Experimental Details                                              46 
 

 

Figure (3.14) shows the emission spectra result when the laser pulse 

energy is (650 mJ ). The result obtained from these parameters  shows  many 

line emission spectra of holmium, and the  strongest  one is (345.53 nm) with  a 

maximum intensity of (45000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.14): Emission spectra of 650 mJ laser energy at (10Hz) repetition rate 

When the laser energy was increased to (700 mJ), the intensity of the 

emission line is also increased, and the maximum intensity of emission spectra 

was (51070 at 53 .345 = ג nm), as shown in the figure (3.15). 
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Figure (3.15): Emission spectra of 700 mJ laser energy at (10Hz) repetition rate 

The maximum intensity, obtained from laser pulse energy of 750 mJ was 

65000 appeared at 345.53 nm, as shown in figure (3.16) 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.16): Emission spectra of 750 mJ laser energy at (10Hz) repetition rate 
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The results of figure (3.17) explain that, when the laser pulse 

energy is increased to 800 mJ, the maximum intensity of the holmium 

line emission spectra was 77000 at 345.64nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.17): Emission spectra of 800 mJ laser energy at (10Hz) repetition rate 

 

Figure (3.18), shows all the result obtained for different laser 

parameters at 10Hz repetition rate 

 

 

 

 

 

 

 

 



Chapter three                                      Experimental Details                                              49 
 

 

F
ig

u
re

 (
3
.1

8
):

 E
m

is
si

o
n

 s
p

ec
tr

a
 o

f 
la

se
r 

in
d

u
ce

d
 h

o
lm

iu
m

 p
la

sm
a
 w

it
h

  
d

if
fe

re
n

t 
la

se
r 

en
er

g
ie

s 
a
n

d
 

(1
0
H

z)
 r

ep
et

it
io

n
 r

a
te

 

 



Chapter three                                      Experimental Details                                              50 
 

 

3.2.4 Holmium Emission at 20 Hz Repetition Rate  

          The fourth group with different laser energies of (600,650,700,750 and 

800) mJ  at 20 Hz repetition rate  had been used  to get  the result of the 

emission spectra of holmium at wavelength (200-400) nm . 

 

Using of (600mJ) laser pulse energy with repetition rate (20 Hz ) leads to 

get a maximum holmium line emission intensity of 55000 at 345.53 nm. Fig. 

(3.19). 

 

 

 

 

 

 

 

 

 

 

         

 

Figure (3.19): Emission spectra of 600 mJ laser energy with (20Hz ) repetition rate 

 

Figure (3.20) shows the emission spectra result when the laser pulse 

energy is (650 mJ ).The result obtained from these parameter shows many line 

emission spectra of holmium ,and the  strongest  one is (341.43 nm) with  a 

maximum intensity of (65535). 
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Figure (3.20): Emission spectra of 650 mJ laser energy at (20Hz) repetition rate 

 

Increasing the laser pulse energy to (700 mJ) leads to increase the 

intensity of the emission line. Many line emission spectra have been observed. 

The maximum intensity was 70000 at 341.54 nm and 345. 53 nmrespectively, 

as shown in the figure (3.21). 
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Figure (3. 21): Emission spectra of 700 mJ laser energy at (20Hz) repetition rate 
 

When the laser pulse energy is (750 mJ), the maximum emission spectra 

intensity was 74000 at 341.54 nm and 345. 53 nm,  respectively as shown in 

figure (3. 22). 

 

 

 

 

 

 

 

 

 

 

Figure (3.22): Emission spectra of 750 mJ laser energy with (20Hz) repetition rate 

 

 



Chapter three                                      Experimental Details                                              53 
 

 

The results of figure (3.23) illustrated that, when the laser pulse energy 

increased to  800 mJ), the maximum intensity of emission spectra was 80000 at 

341.54nm,342.76nm,and 345.53nm respectively. 

 

 

 

 

 

 

 

 

 

Figure (3. 23): Emission spectra of 800 mJ laser energy at (20Hz) repetition rate 
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Figure (3.24) shows maximum line emission intensities appeared at 

341.54nm, 342.76nm and 345.53nm with the maximum intensity at (80000), 

when the laser pulse energy is (800 mJ) and (20 Hz) repetition rate. 

From the previous results, it can be seen that the intensities of the 

emission lines increase with increasing of the laser pulse energy and repetition 

rate. This results agreement with [84]. The increasing of the pulse energy 

means the increase of its absorption by the plasma leading to more ablation 

from the target and finally increasing of the emission line intensity, its 

agreement with [85]. 

 The increase of laser power leads to increase ablation from the target 

which means more excited atoms and hence increasing in the height of the 

spectral line intensity, its agreement with [86].  

3.2.5 Measurement of Individual Holmium Emission Line Intensity  

To investigate the holmium emission spectra deeply, a new 

technique was used to measure each emission line with accuracy of 

(1nm). For this technique, a monochrometer was used to measure the 

intensity of each emission line. In this method the holmium emission 

spectra produced from a 650 mJ laser energy and 5Hz repetition rate. 

These parameters were chosed because the maximum emission line 

spectra are appeared. 

The regain from (342-349) nm were covered by this technique 

because it implies the maximum emission line spectra with the 

emission line. Figures from ((3.25) to (3.32)) shows each emission 

line intensity for each nanometer. 
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                     Figure (3.25): Emission line spectra at 342 nm 

 

 

 

 

 

 

 

 

 

                    

              Figure (3.26): Emission line spectra at 343 nm 
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                               Figure (3.27): Emission line spectra at 344 nm 
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               Figure (3.28): Emission line spectra (λ = 345 nm 
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                   Figure (3.29): Emission line spectra at 346 nm 

 

 

 

 

 

 

 

 

 

Figure (3.30): Emission line spectra at 347 nm 
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Figure (3.31): Emission line spectra at 348 nm  

 

 

 

 

 

 

 

 

 

                     Figure (3.32): Emission line spectra at 349 nm  
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The result of figure (3.33) showing the collection of individual emission line 

from the spectral range (342-349) nm. 

It has been approved that the maximum intensity of emission   spectra 

was at  345 nm, for laser parameter of 650 mJ energy and 5Hz  repetition rate . 

3-2-6  Measuring the Individual of Holmium Emission Line Energy 

Table (3.2) represents the energy of holmium emission line spectra for 

each  nanometer for the range of 342nm to 349nm. 

 

Table (3.2): Energy of holmium emission line 

  

Wavelength  (nm) Energy of emission (μJ ) 

342 132 

343 129 

344 145 

345 153 

346 146 

347 144 

348 128 

349 117 

 

In table (3.2) it has been observed that the maximum energy was 153 μJ at λ= 

345nm   
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3.2.7  Computational  Results      

 

  

 

Figure (3.34): Emission spectra of the first ionization of (Ho II) 

 

Figure (3.34) represents the emission spectra for Ho II (Dy like) 

ion. The first ionization stage of (Ho) is theoretically computed using 

Cowan code covering wavelength region between 200 to 400 nm. 

From computational method it has been illustrated that the emission 

spectra at λ= 345.75 nm is coming from from transition (4f)-5d. 
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Figure (3.35): Emission spectra of the second ionization of (Ho III) 

 

The emission spectra from Ho III (Tb like) ion, which is shown in  

figure (3.36) illustrates the second ionization stage of (Ho). Cowan code was 

used to cover wavelength region between (320 to 400) nm. From 

computational method, it has been observed that the emission spectra at  (λ = 

341.54 nm, and 345.64 nm ) are coming from transition (4f)- 5d, while the 

emission spectra at λ= 342.76 nm is from (4p)-5d transition, and λ=345.53 nm 

it has been assigned transition from (4d)-5d.  
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3.3 Conclusion 

  

          From the previous expremantial and theoretical work for the 

investigated holmium emission spectra, one concludes the following. 

1- The spectral line intensities produced from laser induced plasma 

emission exhibited a strong dependence on pulsed laser energy and 

repetition rate. 

2- The maximum line emission intensity appeared at (λ= 341.54nm, 

342.76nm and 345.53nm) respectively with the maximum intensity at 

(80000), when the repetition rate (20 Hz) and (800 mJ) laser pulse 

energy. 

3- New maximum line emission intensity appeared at   ג  = 345.64nm when 

laser pulse energy 800 mJ and 10 Hz repetition rate was used.  

4- The maximum emission intensity for each individual emission for each 

line   from λ = 342 nm to 349 was 65535 at 345 = ג nm with laser energy 

650 mJ and 5Hz repetition rate.  

5- The energy of holmium emission line from λ = 342 nm to 349 nm with 

laser energy 650 mJ and 5Hz repetition rate shows, the maximum 

energy of  line  emission was 153μJ  at  345 = ג nm. 

6- From the theoretical calculation, for the first ionization stage of 

(Ho), it has been found that the emission line spectra at λ= 

345.75 nm is coming from transition (4f)-5d. The second 

ionization stage of (Ho), it has been observed that the emission 

spectra at (λ = 341.54 nm, and 345.64 nm) respectively are 

coming from transition (4f)-5d, while the emission spectra at λ= 

342.76 nm is from (4p)-5d transition, and λ=345.53 nm it has 

been assigned transition from (4d)-5d. 
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3.4 Future work 

          Many points can be taken in consideration to improve this work and get 

more suitable results. These points are: 

1- Selecting different materials to study the emission spectra for each 

one in details and trying to find another emission sources in the UV regions in 

vacuum . 

2- Using different laser wavelengths and study the effect of these 

wavelengths on the emission spectra. 

3- Choosing different laser power densities and different laser pulse widths 

and trying to find the optimum parameters to produce the desired 

emission spectrum. 

4- Using different laser energies to study the effect on the plasma emission 

at holmium target in vacuum and compared the result  with plasma 

emission in air . 
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 الخلاصة 

فيو   - احثفيدف فملدراسي  يفيا احلمح فيمل اح ثثميم  يلا احثال يو اح  محيد  ث فيلر  تفي  ذي ا احث يم   ي

-066) احيفففيي   ثيقيي احفيي   ثييوثم  ر 4601  حيييما اح ييم   ما  Q-Switched معو ييا احثمعفيي 

 (066،  056،  066،  056،  066) ل اس خدال يوقوت  خ  ف   لا ثثضوت اح فيلر . ثوثم  ر( 166

 يثيفر يوقيي  ثثضيي     يت دراسيي (. ذر ييل 06، ذر يل 46، ذر ييل 5، ذر يل4) ي   ييرددات    ي   ييما

 اح قثفي  احيفففي  في  وسي خدالاح فلر    اح ردد ع ي  ديدا ابثثموييوت احيفففي  ح ثال يو اح ث  ي  ثيوح فلر ث

 .( احضغي اح مي ابع فودي)

ذر يل عثيد  06 يردد ث   ي   يما  066 ظلر أفضا أيفوا ابثثموم عثد و  كملا يوق  ثثض  اح فيلر 

 يي  أق يي  دييدا  ث يي   ، ثييوثم  ر ع يي  اح ييماح  (  314551م 310500 م315553)ابيييماا اح م فيي  

06666 . 

(  313اح   310)  ف  اح ثيق  احيففف حكا يما  م    دراس  ددا ابثثمويوت احيففف  ح لمح فمل ت  

 كوثت مددا اقمى اثثموم يفف  ذر ل 5     ما م ردد  056ثوثم  ر عثد و  كملا يوق  ثثض  اح فلر

 .ثوثم  ر 315   عثد احيما اح م 05535

(  313احي   310)  ح  ثيقي  احيفففي يوقي  ابثثموييوت احيفففي  حكيا ييما  يم    يلا  اح  قي ك ح   ل 

ذر يل مكوثيت احيوقي  احق يمى حيفيا ابثثميوم  5     ما م ردد  056يوق  ثثض  اح فلر ثثوثم  ر 

 .ثوثم  ر 315 وفكرم  ما عثد احيما اح م    453احخي  

ك رمثف  ح ثال و اح  محد  اب حدراس  ابث قوبتاحثظرف   واف  اح  وك(  Cowan)  ل اس خدال ثرثو ج  

 . دفر احث وئج إح  ألا ددا ابثثمويوت  لداد ثلفودا يوق  احثثض  اح فلرف  م اح ردد.  لا احلمح فمل
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